Importance of health assessments for conservation in noncaptive wildlife by Kophamel, Sara et al.
Review
Importance of health assessments for conservation in
noncaptive wildlife
Sara Kophamel ,1 Björn Illing ,2 Ellen Ariel ,1 Morgan Difalco,3 Lee F. Skerratt ,4
Mark Hamann ,5 Leigh C. Ward ,6 Diana Méndez,7 and Suzanne L. Munns 1
1College of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville, Queensland, Australia
2ARC Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, Queensland, Australia
3School of Natural Sciences, Bangor University, Bangor, Wales, UK
4Faculty of Veterinary and Agricultural Sciences, The University of Melbourne, Werribee, Victoria, Australia
5College of Science and Engineering, James Cook University, Townsville, Queensland, Australia
6School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, Queensland, Australia
7Australian Institute of Tropical Health and Medicine, James Cook University, Townsville, Queensland, Australia
Abstract: Wildlife health assessments help identify populations at risk of starvation, disease, and decline from
anthropogenic impacts on natural habitats. We conducted an overview of available health assessment studies
in noncaptive vertebrates and devised a framework to strategically integrate health assessments in population
monitoring. Using a systematic approach, we performed a thorough assessment of studies examining multiple
health parameters of noncaptive vertebrate species from 1982 to 2020 (n = 261 studies). We quantified trends
in study design and diagnostic methods across taxa with generalized linear models, bibliometric analyses, and
visual representations of study location versus biodiversity hotspots. Only 35% of studies involved international or
cross-border collaboration. Countries with both high and threatened biodiversity were greatly underrepresented.
Species that were not listed as threatened on the International Union for Conservation of Nature Red List rep-
resented 49% of assessed species, a trend likely associated with the regional focus of most studies. We strongly
suggest following wildlife health assessment protocols when planning a study and using statistically adequate
sample sizes for studies establishing reference ranges. Across all taxa blood analysis (89%), body composition
assessments (81%), physical examination (72%), and fecal analyses (24% of studies) were the most common meth-
ods. A conceptual framework to improve design and standardize wildlife health assessments includes guidelines
on the experimental design, data acquisition and analysis, and species conservation planning and management
implications. Integrating a physiological and ecological understanding of species resilience toward threatening
processes will enable informed decision making regarding the conservation of threatened species.
Keywords: biodiversity hotspots, conceptual framework, diagnostic techniques, red lists, sample size, system-
atic review, vertebrates
Importancia de los exámenes diagnósticos para la conservación de fauna silvestre
Resumen: Los exámenes diagnósticos de fauna silvestre ayudan a identificar poblaciones en riesgo por desnu-
trición, enfermedades infecciosas y disminución poblacional, causadas por impactos antropogénicos. Revisamos
los estudios disponibles que llevaron a cabo exámenes diagnósticos en fauna silvestre y diseñamos un marco de
trabajo para integrar dichos exámenes en monitoreos poblacionales. Empleando un enfoque sistemático, evalu-
amos aquellos estudios que examinaban múltiples indicadores de salud en vertebrados no cautivos entre 1982 y
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2020 (n = 261 estudios). Cuantificamos las tendencias estadísticas, clasificadas por taxones, del diseño del estudio
y de los métodos diagnósticos usando modelos lineales generalizados, análisis bibliométricos y representaciones
visuales del lugar de estudio versus los hotspots (puntos calientes) de biodiversidad. Sólo el 35% de los estudios
incluían colaboraciones internacionales o transfronterizas, y los países ricos en biodiversidad y especies ame-
nazadas estaban gravemente subrepresentados. Las especies no clasificadas como amenazadas en la Lista Roja de
la Unión Internacional para la Conservación de la Naturaleza representaban el 49% de las especies examinadas;
una tendencia posiblemente asociada al enfoque regional de la mayoría de los estudios. Recomendamos encareci-
damente seguir protocolos diagnósticos y manuales de técnicas del estudio de la fauna silvestre, además de usar
tamaños muestrales estadísticamente adecuados al establecer rangos de referencia. Los métodos diagnósticos más
comunes para todos los taxones fueronanálisis sanguíneos (89%), evaluaciones de composición corporal (81%),
exámenes físicos (72%) y análisis fecales (24% de los estudios). Presentamos un marco conceptual para mejorar
y estandarizar los exámenes diagnósticos en estudios de fauna silvestre; dicho marco incluye guías para el diseño
experimental, para la obtención y el análisis de datos, y para elaborar planes de acción para especies amenazadas.
La combinación de conocimientos fisiológicos y ecológicos, relacionados con la resiliencia biológica de especies
amenazadas, facilitará una toma de decisiones eficiente para el manejo y para la conservación de la biodiversidad.


























The increasing role of emerging diseases in wildlife pop-
ulation declines and biodiversity loss is well recognized
(Scheele et al., 2019). In addition, ecosystems are experi-
encing numerous anthropogenic stressors, including in-
vasive species, climate change, pollution, and resource
overexploitation, all of which negatively affect wildlife
health and increase disease (Barnosky et al., 2011; Ce-
ballos et al., 2015; Tompkins et al., 2015). There is com-
pelling evidence that stressors that negatively affect the
health of wildlife populations also interfere with the
ecological roles of wildlife, hampering ecosystem func-
tioning and conservation more broadly (Deem et al.,
2001). Given the increasing recognition of the impor-
tance of wildlife health to conservation, there is a need
to take stock of lessons learned. A critical analysis of
the main characteristics of studies focusing on wildlife
health could, therefore, provide invaluable insight, such
as guidelines for field-based conservationists to improve
conservation and management outcomes.
Wildlife health assessments can provide essential base-
line information for managing conservation threats, es-
pecially for endangered species. Health assessments are
critical for defining the normal or physiological health
status of a population as well as detecting ill health. Infec-
tious and noninfectious diseases, nutritional deficiencies,
and exposure to toxins can all manifest themselves as
deviations from baseline physiological states. Departures
from the baseline physiology of a population can also in-
dicate the impact of environmental changes on wildlife
health and thus signal the need for strategically focusing
monitoring and intervention plans (IUCN – SSC Species
Conservation Planning Sub-Committee, 2017). For exam-
ple, gathering information on health parameters of sen-
tinel species is essential to identify and measure the im-
pacts of toxic substances in marine ecosystems (Aguirre
& Tabor, 2004; Bossart, 2011). Identification of environ-
mental threats to wildlife health may also prove signifi-
cant to human public health. The potential to translate
findings and adopt a transdisciplinary “one health” ap-
proach adds value and impact to wildlife health studies
(Deem, 2015; Norris, 2001; Zinsstag et al., 2011).
A variety of quantitative and qualitative health assess-
ment methods exist with different sensitivities and speci-
ficities (Stokes et al., 2010). Health assessment meth-
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ods include collecting physiological, morphological, nu-
tritional, and behavioral data; screening for diseases;
identifying ecto- and endoparasites; determining the
presence of toxins in animal tissues or blood; and in-
vestigating genetic variability of populations. Given the
breadth of methods available, method selection and
study design may benefit from interdisciplinary collab-
orations with biologists, ecologists, health professionals
(e.g., epidemiologists, veterinarians, and biomedical re-
searchers), social scientists, and policy makers to ensure
study objectives are met (Goodman et al., 2013; Preece
et al., 2017).
We systematically analyzed the scientific literature on
wildlife health and report on the use of health assess-
ment methods in noncaptive vertebrate wildlife. Based
on our findings, we considered the potential implica-
tions of study design and diagnostic methods used for
conservation and devised a framework to systematically
address current gaps in wildlife health assessment stud-
ies. Because we aimed to identify trends in wildlife health
literature with the potential to affect conservation out-
comes, we focused on wildlife health studies in which
a combination of complementary methods were used to
provide a comprehensive overview on the health status
of an individual and its population.
To determine whether selected studies were targeted
to conservation, we explored trends in study location
versus areas rich in biodiversity hotspots; conservation
status of the species studied; country of study and first
author’s affiliation, as well as the country’s human de-
velopment index (HDI); establishment of cross-border
collaborations; taxa studied; sample size and study du-
ration of all studies examined, with emphasis on studies
determining reference ranges; health assessment meth-
ods used; and methods used across taxa. We sought to
provide a critical approach to the challenging field of
wildlife health assessments and in doing so suggest fu-
ture directions to improve the effectiveness of ongoing
conservation.
METHODS
Literature search and data extraction
A systematic review was conducted following PRISMA
recommendations from Foster (2012). Research pa-
pers describing health assessments performed on liv-
ing noncaptive wildlife were sought. Online databases
searched included Web of Science (1970–2020) and
Scopus (1965–2020). The search strategy, including
keywords “wild∗,” “health,” “assess∗,” “free(-)living,”
“free(-)ranging,” and “non(-)captive,” yielded a total of
4708 publications after removing duplicates. The search
terms were intentionally designed to be as inclusive as
possible within the study scope. However, studies that
did not match our keyword search and that may have pro-
vided more information would not have been included.
Only peer-reviewed original publications reporting the
use of a combination of methods for evaluating wildlife
health in the field were examined. Keywords were in En-
glish; however, the search also yielded articles written in
other languages (i.e., Spanish, German, and Portuguese),
which were also included in the analysis. Gray literature
was outside the scope of this review and was therefore
excluded. The search strategy is available in Appendix
S1.
All vertebrate taxa were considered, thus, in this
review, the term wildlife refers to vertebrate wildlife
species. Studies solely examining captive animals or fo-
cusing on postmortem evaluations were removed be-
cause these were typically not general health assess-
ments for conservation purposes. However, postmortem
examination in combination with other methods is a very
powerful tool. This left a total of 261 studies for full-text
assessment. From these, we extracted study characteris-
tics, including species (scientific and common names),
International Union for Conservation of Nature (IUCN)
Red List status in 2020, country of study, country of pri-
mary author’s affiliation, the country’s HDI value, taxon
studied (mammalian, avian, reptilian, amphibian, and
pisces), sample size (if captive and wild animals were
included in the study, we accounted for only the wild ani-
mals), study duration, evidence of cross-border collabora-
tion, and rationale (categorized as general health assess-
ment study, establishment of reference ranges, disease
investigation, and ecology-based population monitoring
program). We assessed the representation of publications
based on the size (i.e., millions of square kilometers) of
the country of study (Kozak et al., 2016) and visually
examined the spatial distribution of study sites in com-
parison with biodiversity hotspots (Mittermeier et al.,
2011). We also examined whether the lead researcher
had established cross-border or international collabora-
tions with coauthors based abroad (i.e., whether there
was evidence of multinational coauthor groups). A key-
word plus and phrase analysis revealed research priori-
ties over time. Keyword plus terms included author key-
words and words or phrases that frequently appear in
the titles of an article’s references. Studies were also as-
sessed based on the HDI (United Nations Development
Programme, 2019). The HDI is defined as “a summary
measure of average achievement in key dimensions of hu-
man development: a long and healthy life, being knowl-
edgeable and having a decent standard of living” (United
Nations Development Programme, 2019). An HDI value
above 0.800 is considered very high, 0.700–0.799 high,
0.550–0.699 medium, and below 0.550 low (United Na-
tions Development Programme, 2019). Health assess-
ment methods used across studies were also extracted
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(Appendices S3 & S4). Details on the literature se-
lection process, including the population-intervention-
comparator-outcome-study design (PICOS) and the
PRISMA flow diagram, are in Appendix S1.
Statistical analyses
Study characteristics were analyzed with descriptive
and inferential statistics. The number of studies pub-
lished per year was compared across taxa with linear
models (LM). The data were highly skewed and thus
log-transformed before several linear and second-order
polynomial models were fitted. In a model selection pro-
cess, based on the lowest Akaike and Bayesian informa-
tion criteria (AIC and BIC, respectively), the most par-
simonious LM explained the data best (lm(log[study fre-
quency] ∼ year + taxon). Model assumptions (e.g., nor-
mality and variance homoscedasticity) were visually con-
firmed with diagnostic plots. Tukey’s post hoc tests were
used for pairwise comparisons with R’s emmeans pack-
age (α = 0.05) (Lenth, 2016). The health assessment
methods were analyzed across taxa with generalized lin-
ear models (GLM) (binomial distributions). Model selec-
tion and diagnostic and post hoc tests were conducted as
described above. Additionally, Pearson’s chi-squared test
statistics were used for pairwise comparisons when all or
none of the studies of a specific taxa (i.e., fishes) used a
certain method (i.e., body composition assessments and
fecal analyses). Bibliometric information of the 261 se-
lected studies was gathered from the Web of Science
and Scopus core collection databases and used for sev-
eral analyses in R’s bibliometrix package (Aria & Cuccu-
rullo, 2017). Specifically, a network analysis of country
collaborations was conducted using the country of the
primary author’s affiliation. The 20 most-used keywords
plus terms (i.e., words or phrases that were used in the
cited references) were used to identify trends in research
priorities over time. A loess smoother was used to visual-
ize the data in Figure 3b, and a GLM was fitted to the data
in Figure 3d. Summary statistics and median occurrences
of keywords are in Appendix S3. All statistical analyses
and figures were made in R (version 3.6.1) (R Core Team,
2019).
RESULTS
The search strategy yielded 263 manuscripts describ-
ing health assessments in living noncaptive vertebrates.
These manuscripts represented 261 distinct studies be-
cause 2 authors published 2 separate papers sourced
from the same study (Blottner et al., 2001; Goritz et al.,
2001; Labrada-Martagon et al., 2010a; Labrada-Martagon
et al., 2010b). We, therefore, refer to 261 studies through-
out the review.
Study characteristics of wildlife health assessment studies
Included studies were conducted in 56 different coun-
tries (Figure 1). Three studies had 2 study sites (Gallo
et al., 2019; Girling et al., 2015; Grasman et al., 2000).
Studies conducted in Costa Rica were most represented
(78 studies/M km2), followed by studies conducted in
Ecuador (36 studies/M km2), Denmark (24 studies/M
km2), Slovakia (21 studies/M km2), and the United King-
dom (21 studies/M km2).
Some studies were conducted in regions with biodiver-
sity hotspots, including the Mediterranean Basin, Brazil,
Madagascar, Mexico, India, the United States, and Aus-
tralia. Underrepresented biodiversity hotspots were in
Southeast Asia, the Caribbean, Middle East, Central Asia,
and Africa (Figure 1). Other biodiversity conservation
indices, such as the high-biodiversity wilderness areas,
were greatly underrepresented in our results. These in-
cluded more intact areas, such as the Amazon Rainforest,
New Guinea, the North American Desert, Congo Forests,
and Miombo-Mopane Woodlands and Savannas in south-
eastern Africa. Few studies were conducted on species
residing in the Amazon rainforest and the North Ameri-
can desert.
Vertebrate wildlife species listed as nonthreatened
(least concern or near threatened) on the IUCN Red List
were examined in 49% (128 of 261) of the studies we
assessed, whereas 45% (118) of studies examined species
listed as threatened (vulnerable, endangered, or critically
endangered) on the IUCN Red List (Figure 2). Of stud-
ied reptile species, 78% were listed as threatened (59 of
77). In contrast, 79% of bird species (38 of 48) and 56%
of mammal species (68 of 121) examined were listed as
nonthreatened. Less than 6% of all studies investigated
fishes and amphibians (15 of 261).
Forty-four percent of studies were led by researchers
based in the United States (116 of 261 studies). Re-
searchers based in European countries led 45 of the stud-
ies examined (17%), and researchers based in Australia
led 26 (10%) of studies. The remaining studies were con-
ducted by researchers distributed throughout all conti-
nents except Antarctica (28% [74]).
We found that 35% of the included studies (92 of
261) were conducted using cross-border collaborations.
For these 92 studies, 41% (38) of the study sites were
in the same country as the first author’s affiliation and
60% (55) were located abroad. Authors from the United
States conducted the most studies (44% [116 studies out
of 56 countries]) and collaborated with half the coun-
tries represented in our data set (54% [30]), followed by
Australia (21% of represented countries [12]) and Ger-
many (21% of represented countries [12]) (Figure 3c).
Research priorities were specifically related to blood
analysis (i.e., blood, hematology, values, chemistry, bio-
chemistry, plasma, blood chemistry, serum, and pa-
rameters); general health-related topics (e.g., health,
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Figure 1. Global distribution of studies of wildlife health assessments relative to area (blue, country of study; red,
biodiversity hotspots) (n = 261 studies). Biodiversity hotspots are from Center for Applied Biodiversity Science at
Conservation International (2011) and Mittermeier et al. (2011). An interactive version of the map is available
from https://doi.org/10.25903/5f31f85aa8011.
Figure 2. Taxonomic groups examined in studies of
wildlife health assessments categorized by class and
the International Union for Conservation of Nature
Red List category (9) (n = 261 studies) (pink box,
categories for threatened species). Nonthreatened
species were examined in 49% of the studies (128 of
261).
reference intervals, infection, and stress); and sea
turtle species (i.e., Chelonia mydas and Caretta
caretta), which were the most represented species
group in our review (Figure 3a, b & Appendix S3).
From these, health was identified as an emerging
keyword (i.e., since 2018), together with keywords,
such as hematology and reference intervals, which
were identified as trend topics in 2017. Other key-
words, such as conservation, population, blood, and
body condition, were popular from 2012 to 2016
(Figure 3a, b & Appendix S3).
We found that 80% (209 of 261) of included studies
were conducted by researchers based in countries with
very high HDIs, 16% (41) in countries with high HDIs,
3% (9) in countries with medium HDIs, and <1% (2) in
countries with low HDIs. Two studies were conducted
by researchers based in Taiwan (Fong et al., 2010; Li
et al., 2015), a country that did not have an HDI category
assigned.
Fifty-five percent of studies (144 of 261) were per-
formed within 1–2 years, and 42% (109) were conducted
over 3 years. The number of studies conducted and the
length of the study were inversely related (Figure 4). In
terms of sample size, 10% (27) of the studies examined
fewer than 20 animals, 54% (141) of the studies exam-
ined 20–99 animals, and 31% (82) of the studies exam-
ined over 100 animals. We did not find a significant corre-
lation between study duration and sample size (r = 0.04,
t295 = 0.64, p > 0.05). Eleven studies did not provide
clear information on the sample size and 8 did not com-
ment on the study duration.
Thirty percent (77 of 261) of all studies reported estab-
lishing reference ranges. Seventy-four percent (55 of 77)
did not meet the recommended sample size for medical
studies (see Discussion for details), and 60% (46 of 77)
were conducted within 1–2 years.
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Figure 3. (a) Co-occurrences (color, temporal appearance of keywords; red, most recent) and (b) temporal trends
in the keywords used as search terms and other terms that frequently appear in the titles of an article’s references
and available since 1991 used in the literature on health assessments in noncaptive wildlife; (c) research
collaboration networks between countries (country based on first-author affiliation; the larger the node and
heavier the line, the greater the connectivity); and (d) taxonomic groups investigated across time (n = 261
studies). In (b) and (d), data are scaled to 1990–2020, which removed 1 data point in panel (d). In (a) and (b),
only the top 20 and top 10 results are presented, respectively. Interactive versions of the network visualizations can
be downloaded from https://doi.org/10.25903/5f31f85aa8011.
Health assessment methods used in wildlife health assessment
studies
All included studies used at least 2 health assessment
methods. Blood analysis (89% [232 of 261]) and body
composition assessment (81% [211]) were the most
frequently used, closely followed by physical examina-
tion (72% [188]) (Figure 5). Within those broad 3 cate-
gories, morphometric examination (i.e., allometric scal-
ing) and hematological and biochemical analyses were
the most commonly used subcategories. Classification
into multiple categories was possible. Fecal analysis was
the fourth most commonly reported general method
(25% [64]) and was mainly used to detect enteric par-
asites but also for endocrinological analyses (e.g., cor-
tisol levels in feces). Almost one-eighth of the stud-
ies (13% [33]) examined environmental parameters. For
example, water quality or dietary availability was as-
sessed as a proxy measure for population health. Re-
sults of the statistical analysis of health assessment meth-
ods across taxa and an overview of all health assess-
ment methods used are in Appendix S3. Additional re-
sults and information regarding the journal preference,
trends in taxonomic class, and the rationales for con-
ducting health assessment studies are also detailed in
Appendix S3.
DISCUSSION
Based on our results, we see the need for a stronger
focus on threatened species. The study deficiencies in
sample size selection, particularly in studies establishing
reference ranges, also need to be addressed. Our concep-
tual framework and our overview of health assessment
methods are aimed at promoting improved data quality
in strategically targeted and methodologically consistent
studies of wildlife health assessment.
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Figure 4. Frequency distribution of all wildlife health
assessment studies examined and of the studies
establishing reference ranges categorized by (a) study
duration and (b) sample size (number of individuals)
in each study (green box, studies that meet the
recommended sample sizes for reference range studies;
percentages, contribution to the overall number of
studies [n=261 studies]).
Biodiversity hotspots and threatened status of species
Our results highlight a spatial mismatch between study
focus and biodiversity hotspots (Figure 1). This finding
aligns with previous work that reports an underrepre-
sentation of countries with both high and threatened
biodiversity (Christie et al., 2021; Wilson et al., 2016).
Furthermore, half the vertebrate species included in our
review (49%, 128 of 261) were listed as nonthreatened
on the IUCN Red List (Figure 2). Multiple factors need
to be integrated and prioritized when determining study
species choice and location. Funding, permits, and lo-
gistics can be complex issues to integrate with biodiver-
sity hotspots and the threatened status of species. We
found differences in the proportion of threatened and
nonthreatened species examined in some taxa. Studies of
reptiles were biased toward threatened species, particu-
larly chelonians. Avian studies had a more equal represen-
tation across IUCN Red list categories. Not all vertebrate
species are easily monitored in terms of environmental
context and ease of capture, which is also the case for
avian and fish species, and this may be why these taxa
are less represented in our review.
In addition, 80% of included studies were conducted
by researchers in countries with very high HDIs (209
of 261). This trend is consistent with funds for global
conservation efforts being predominantly sourced from
wealthier countries, often resulting in funds being dis-
proportionately assigned to these local regions (James
et al., 1999; Waldron et al., 2017). Conversely, most biodi-
versity hotspots are in or near countries with lower HDIs,
which are often less able to fund conservation (Williams,
2011). The higher abundance of nonthreatened verte-
brates as well as the reduced complexity involved in
obtaining permits may also be factors motivating deter-
mination of study species. In addition, when establishing
a new technique or methodology, nonthreatened species
could be preferable study subjects in terms of cost avail-
ability, risk assessment, and animal ethics. Species per-
ceived by people to be charismatic, for example, which
are not always threatened, might receive more public
support and therefore create more funding opportunities
(Bossart, 2011; Fukushima et al., 2020; Morse-Jones et al.,
2014; Skibins et al., 2013). In our study, for instance, sea
turtles were the most frequently examined reptiles. An
added complexity for some species can be the discrep-
ancy between global (e.g., IUCN) and national assess-
ments of threat status (Brito et al., 2010; Morais et al.,
2012), which might also contribute to the mismatch be-
tween biodiversity hotspots and study locations. Most
countries with very high HDIs have a legislative frame-
work to identify threatened species, such as the Envi-
ronment Protection and Biodiversity Act (EPBC Act) in
Australia. For example, the flatback turtle (Natator de-
pressus) is listed on the IUCN Red List as data deficient,
but as vulnerable under the EPBC Act. The vulnerable sta-
tus appears to promote research studies on this species
in Australia, more so than the data-deficient status in the
low HDI countries.
Cross-border collaborations in wildlife health assessment
studies
One-third of the studies we examined (36%, 93 of 261)
were conducted using cross-border or international col-
laborations. Overall, the HDI level of the country of
the first author’s affiliation also seemed related to the
number of collaborations being established, with the
United States, Australia, and Germany scoring highest
(Figure 3c; larger nodes and links represent higher val-
ues and stronger connectivity). International collabora-
tions are particularly important when studying species
that frequently cross jurisdictional boundaries, such as
marine megafauna (Hamann et al., 2010; McClellan et al.,
2014). Establishing international collaborations plays a
major role in assessing wildlife populations worldwide
and can be beneficial for establishing long-term and
high-quality wildlife monitoring programs (Kark et al.,
2015). Cross-border collaborations provide access to
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Figure 5. Frequency of health assessment methods used in wildlife studies by taxonomic group: (a) blood analysis,
(b) blood analysis subcategories, (c) body composition assessment, (d) body composition assessment
subcategories, (e) physical examination, and (f) fecal analysis (n = 261 studies).
local knowledge and possibly access to protected ar-
eas. In addition, collaborations may lead to sharing re-
sources and equipment that might have not been avail-
able otherwise. For example, the enhanced collabora-
tion between U.S. authors, authors with the strongest
international collaboration, and Mexican authors (88%
of Mexican-led studies collaborated with U.S. authors)
may be related to the Canada–Mexico–USA Trilateral
Committee for Wildlife and Ecosystem Conservation and
Management Agreement, established in 1996 (Váldez
et al., 2006). This agreement was created to coordi-
nate wildlife conservation and management plans among
these 3 countries. Cross-border collaborations may,
therefore, not only improve the countries’ relationships
on ecological issues, but also on political and financial
aspects.
Importance of sample size in studies establishing reference
ranges
Representative sampling of a target population is vital,
particularly when establishing baseline values or refer-
ence ranges. Health indicators, such as specific blood
parameters, need to be defined for the species and pop-
ulation of interest, which implies selecting a random
sample and avoiding seasonal and geographical biases
that could lead to misinterpretations of health parame-
ters. We found that 74% of the studies defining reference
ranges did not reach the recommended sample size es-
tablished for medical research (Figure 4) (Geffré et al.,
2009; Wellek et al., 2014). Reference ranges comprise
95% of a healthy reference population (Friedrichs et al.,
2012) and should therefore be defined following strict
recommendations.
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In medical research, sample sizes of n = 110–200, de-
pending on assumptions on data distributions and cho-
sen alpha levels, have been recommended for studies es-
tablishing reference ranges (Geffré et al., 2009; Wellek
et al., 2014). That n be ≥120 individuals is also often
suggested to determine the 90% confidence intervals of
the 2.5th and 97.5th percentiles of a population when
frequentist, nonparametric statistics are used (Friedrichs
et al., 2012; Jennen-Steinmetz & Wellek, 2005). The
smallest possible sample size needed to determine the
uncertainty of the estimate of these percentiles is 120
individuals.
Surprisingly, 71% of the studies that aimed to estab-
lish reference ranges (55 of 77 studies) examined fewer
than 100 individuals and 60% were conducted within 1–
2 years (46 of 77) (Figure 4). In most cases, sample size
may not be at the discretion of the investigators and may
be mandated by permits issued by local authorities. This
may be particularly salient when looking at threatened
species. Bayesian and variance component models have
been suggested for calculation of reference ranges for
sample sizes of fewer than 120 individuals (Hansen et al.,
2007; Katki et al., 2005). Bayesian and variance compo-
nent models, however, should be used only when the de-
sired sample size cannot be reached by any other means,
and both their use and the low sample size should be
highlighted in the publications arising from these stud-
ies.
Establishing reliable reference ranges is important for
future studies targeting the same species because the in-
terpretation of new findings and the detection of anoma-
lies across populations and life stages rely on the statis-
tical robustness of the existing information (Broughton
et al., 2017). The selection of the population, whether to
partition by sex, age, or other factors, as well as preana-
lytical and analytical quality, can also strongly influence
the precision and accuracy of the determined reference
ranges. To avoid selection bias based on location or sub-
population traits, it is therefore advisable for researchers
planning new studies and using certain diagnostic tools
to critically examine previous studies that validate or es-
tablish reference ranges.
Trend topics and health assessment methods used in wildlife
health assessment studies
Blood analysis was the most common health assess-
ment method, followed by body composition assess-
ment, physical examination, and fecal analysis (Figure 5).
The importance of wildlife health in the literature is high-
lighted by the increase in publication output and the
identified trend topics (Figure 3a and 3b). A central topic
in wildlife health is the examination of blood parameters
and reference ranges, as well as broader topics related
to conservation, stress, or body condition. From 2010 to
2018, topics of interest have been shifting toward health
(Figure 3a and 3b). Sea turtles received substantial in-
terest, which may be related to a well-established global
network of sea turtle conservationists and health profes-
sionals (Mazaris et al., 2018).
How to choose a specific health assessment method
The choice of which method to use and which specific
health parameter to measure (e.g., presence of contami-
nants in the blood) for each species may either identify
acute or chronic conditions. In the case of long-term
monitoring programs, priority may be given to meth-
ods that identify chronic conditions affecting the target
population. Most methods, except from body composi-
tion assessment methods, which include allometric scal-
ing, are suitable for examining both acute and chronic
conditions in all taxa; therefore, method selection needs
to be based on the specific parameters to be assessed.
For example, altered plasma glucose levels have been
related to acute stress response and to chronic stress
response, as indicated by increased glucose and gluco-
corticoid levels (Dantzer et al., 2014; Kleist et al., 2018).
However, measuring unvalidated, single parameters may
collate misleading information. Following the previous
example, the actual stress response can only be quan-
tified when measuring several indices of stress by, for
example, combining glucocorticoid measurements with
body condition assessment, heart rate, and measures
of immune function and ecological exposures to stress
(MacDougall-Shackleton et al., 2019; Sheriff et al., 2011).
We recommend, in addition to the most commonly used
health assessment methods (i.e., physical examination,
blood hematology and biochemistry, fecal analysis, and
body composition assessment methods) (Figure 5), use
of disease screenings to identify exposure to infectious
and zoonotic agents and conducting endocrinological
surveys to monitor stress levels (e.g., important in areas
with high levels of human disturbance). Details on the
most commonly used health assessment methods are in
Appendices S3 and S4.
Framework for standardizing high-quality wildlife health
assessments
Strategically targeted, collaborative, and high-quality re-
search outcomes ensure studies can properly inform con-
servation, given the increasing number and intensity of
threats to wildlife health. Wildlife health assessments pro-
vide the empirical and physiological data to examine the
impact of stressors on individuals and populations. In ad-
dition, examining the physiology of animals to be translo-
cated may improve their chances for survival, which is
usually very low (Cooper et al., 2018). As a result, health
assessment studies are essential for informing conser-
vation planning, for vulnerability assessments, and for
meeting global targets on biodiversity conservation (such
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Figure 6. A conceptual framework for high-quality wildlife health assessments. “Species conservation planning
and management implications” was sourced from Betley et al. (2018), Durham et al. (2014), and IUCN – SSC
Species Conservation Planning Sub-Committee (2017).
as Aichi Target 12 and Sustainable Development Goals
Target 15.5).
The framework we propose (Figure 6) is aimed at
promoting improved data quality within strategically tar-
geted and methodologically consistent wildlife health as-
sessment studies to better facilitate conservation plan-
ning and meeting these global goals. A systematic re-
view of wildlife health assessment literature from 1982 to
2020 sheds light on the historical trends of the field over
38 years and highlights the increasing number of stud-
ies, the focus toward specific diagnostic tools, the coun-
tries and collaborations involved in conducting health as-
sessment studies, and the overall low sample sizes when
establishing reference ranges. This broader perspective
on historical and current trends may assist in develop-
ing “climate smart goals” (Stein et al., 2014) with poten-
tial conservation outcomes, such as shifting study focus
levels among distinct population groups, intraspecific
taxa, species, genera, and taxa; shifting geographical fo-
cus by strategically targeting biodiversity hotspots, lead-
ing edges of historical ranges, or climate refugia; altering
study methods to ensure techniques appropriately assess
acute and chronic impacts with adequate sample size and
study duration; and determining the temporal validity of
reference ranges for species in particular locations in the
face of rapid climate change and environmental stressors.
We integrated our findings with existing framework
guidelines for species conservation from the IUCN – SSC
Species Conservation Planning Sub-Committee (2017) to
create a new holistic framework for high-quality and
high-impact wildlife health assessment studies within
conservation and management outcomes. We included
the following aspects in the framework: background
information sections, which include risk status and bio-
diversity assessment of the target species to ensure it
warrants investment, evaluation of social and economic
metrics of the countries involved to ensure resources are
adequate and collaboration is promoted, and examina-
tion of previously published data on the health status of
the target population, which may include established ref-
erence ranges to ensure the additional information to be
collected is useful; a study design section, which consid-
ers sampling location, target population, sample size, and
sampling duration, estimation of the required resources,
establishment of multidisciplinary collaborations, and se-
lection of the appropriate health assessment methods;
and a data acquisition and analysis section defined based
on background information and study design. The sec-
tion which refers to the species’ conservation planning
and management implications was adapted from Betley
et al. (2018), Durham et al. (2014), and IUCN – SSC
Species Conservation Planning Sub-Committee (2017).
Research questions and study designs need to be care-
fully weighed before commencing field work because
they define the choice of methods, data analysis, re-
sults, and interpretation, which can then be used to
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inform stakeholder groups and conservationists (Fig-
ure 6). The study design and the selection of health as-
sessment methods (detailed in “Health Assessment Meth-
ods Used in Wildlife Health Assessment Studies” and in
Appendix S3) should be considered carefully because
they are crucial to identify populations at risk and to
initiate timely mitigation strategies.
Our review highlights current trends in wildlife health
assessment studies. We found that most countries with
very high HDIs conducted their studies on a regional
level, which caused a mismatch between biodiversity
hotspots and study locations. To increase the protection
of these hotspots and the species inhabiting them, fu-
ture work needs to focus on establishing more strate-
gic international collaborations. Mammals and reptiles
were the most commonly investigated taxa. Surprisingly,
half of the species examined were listed as nonthreat-
ened by the IUCN, which reflects the observed mismatch
between biodiversity hotspots and study locations. We
identified a critical need for following a standardized ap-
proach for use of health assessment methods in non-
captive vertebrate wildlife that applies statistically ade-
quate sample sizes for establishing reference ranges and
incorporates multiple life stages and populations. Our
conceptual framework provides future researchers a
standardized approach to integrate high-quality health as-
sessments in population monitoring. Standardized, vali-
dated, and multidisciplinary health assessment methods
will significantly benefit wildlife management because
the generation and communication of accurate findings
can initiate timely and effective conservation action. Our
findings will aid conservation planning in addressing the
manifold challenges that populations of wildlife experi-
ence now and in the future.
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